Abstract. This work describes the creation of heuristics rules based on 13 C-NMR spectroscopy that characterize several skeletal types of diterpenes. Using a collection of 2745 spectra we built a database linked to the expert system SISTEMAT. Several programs were applied to the database in order to discover characteristic signals that identify with a good performance, a large diversity of skeletal types. The heuristic approach used was able to differentiate groups of skeletons based firstly on the number of primary, secondary, tertiary and quaternary carbons, and secondly the program searches, for each group, if there are ranges of chemical shifts that identifies specific skeletal type. The program was checked with 100 new structures recently published and was able to identify the correct skeleton in 65 of the studied cases. When the skeleton has several hundreds of compounds, for example, the labdanes, the program employs the concept of subskeletal, and does not classify in the same group labdanes with double bounds at different positions. The chemical shift ranges for each subskeletal types and the structures of all skeletal types are given. The consultation program can be obtained from the authors.
Introduction
There exist specialised systems developed to assist the chemist in structure elucidation work. These systems try to imitate the thinking process followed by the chemist when using various spectral data in order to arrive at a proposed substructure. These substructures are accompanied by a program that generates and provides a list of spectral propositions. Following this, some proposals are rejected throughout the analysis, and other types of information are gathered by comparing theoretical spectra with experimental ones, results obtained from synthesis, etc.
The major systems that operate this way are DENDRAL [9] , DARC-EPIOS [1] and CASE [10] . In order to reduce the number of proposed structures, these systems generate restrictions which are substructures (fragments of structures). For large molecules (with more than 15 atoms), the structural fragments must contain a large number of atoms in order to avoid a combinatory explosion and a list of proposed structures that would be too large. Recently some systems have introduced 2D-Nuclear Magnetic Resonance (NMR) results in order to reduce this problem [2, 11] . The systems referred to here have not been made to work specifically with natural products whom frequently are substances having more than 15 atoms, this is why the utilization of restrictions in the process of generating structures is fundamental.
In the structural determination of natural products, the phytochemist uses restrictions such as the class of the substance (i.e., flavonoid, diterpene, triterpene, etc.) and the skeleton type. Therefore, if the specialised system tries to simulate the reasoning of the phytochemist it should be able in a first step to recognise the class and the skeleton of the compound. Our research group is working on the development of a system named SISTEMAT [5, 7, 8] . This system contains a program named SISCONST [6] that can analyse the spectra of a compound and provide some restrictions because it recognises substructures and proposes the type of skeleton based on chemical shifts and multiplicity of 13 C-NMR signals of the compound. These restrictions are used by the generating program which is presently under development. 13 C-NMR spectroscopy is the most widely used technique for structural determination of diterpenes. The compounds in this class of natural products can be grouped into various types of skeletons (Fig. 1) . It can be noted that some have more compounds than others, like for example labdanes, clerodanes and kauranes (skeletons 61, 76 and 192, respectively). The compounds of such skeletons can be grouped by their functional groups and the presence of heteroatoms in specific positions as long as the carbon atoms corresponding to these positions give characteristic chemical shifts.
Within this work we have verified the way of regrouping the compounds of a specific skeleton and afterward the chemical shift intervals in 13 C-NMR that characterises the compounds of a given group. These intervals have been introduced using a consultation program called DITREGRA. 
Experimental
For the purpose of this work a database was developed containing the codes and 13 C-NMR chemical shifts of 2745 diterpenes distributed between 214 skeletons (Fig. 1 ). With these data we were able to build a database with the help of input module of the SISTEMAT [4, 7] .
In order to meet the intervals of chemical shifts that characterise the various groups of substances of a given skeleton, four programs were used: TIPCARB, PICKSIS, SISPICK and PICKRVSF [3] . Compounds from the skeleton kaurane (Fig. 2) were chosen as an example to demonstrate the process of creation of heuristic rules.
The program TIPCARB provides a table showing the substitution patterns of each atom that belongs to a given type of skeleton. For kauranes (skeleton 192) the results showed by this program ( Table 1) that the atoms of any position, except logically quaternary [4, 8, 10] and carbon 5 (CH), can be oxidised.
The intervals of 13 C-NMR chemical shifts of those carbons do not characterise the compounds of these skeletons, since the majority of diterpenes has two or more quaternary carbons with chemical shifts in these intervals. Also, the majority of bi-, tri-, and tetra-cyclic diterpenes, have no substitution on carbon 5, therefore indicating that the chemical shift intervals for these types of diterpenes are the same and consequently don't serve to characterise these carbons.
Since these chemical shift intervals for these carbons are not sufficient to determine a diterpene skeleton, it has been proposed to chose carbon atoms that regroup a large number of compounds, even if they represent functional groups. For this, we have chosen quaternary carbons, as well as carbon atoms which are methyl groups on the skeleton without the heterostoms. In the case of compounds with a kaurane skeleton, all compounds were pooled within six groups: kaur-16-ene, kaur-16-en-13-OH, kaur-16-OH, kaur-15-ene, kaur-15-en-9-OH and kaurane (Fig. 3) .
Following the choice of the carbon atoms to study, we used the programs PICKSIS and SISPICK [3] These intervals were introduced into the program PICKRVSF [3] that was used to do the research based on a comparison with the 13 C-NMR spectra of all the diterpenes contained in the database. The list obtained shows that all the compounds that can be kaur-16-ene do not show carbon atoms with chemical shifts and multiplicity in these intervals.
The list obtained shows that 301 compounds distributed into many skeletons and a few groups of kauranes (kaur-15-en-13-OH and kaur-16-ene-9-OH) have chemical shifts and multiplicities in the intervals found for kaur-16-ene (Table 2 ). These results demonstrate a percentage of recognition equal to 47.80% (144 kaur-16-ene between 301 compounds). Kauranes have three quaternary carbon atoms and, as can be observed, some compounds of skeletons 50, 61, 76, 102, 120, 123, 140, 145, 165, 182, 193, 202 and 205 that have a different number of quaternary carbons are confounded. The number of sp 3 quaternary carbons existing in a compound is easily recognised in a 13 C-NMR spectra, either by its multiplicity (singlet) or by the intensity of the signal. If we consider this fact, and consequently ignore the compounds that present a number of quaternary carbon that is different, the percentage of recognition increases to 61.00% (144 kaur-16-enes between 236 substances with three quaternary carbon atoms). The number of methyl groups varies between the skeletons. These can be oxidised to alcohol (or ether), aldehyde, acid (or ester) or form a double bond terminal or exo-cyclic. These functions present 13 C-NMR chemical shifts that are more or less characteristic. Therefore we can consider that the number of methyl groups of a compound with no functional group is easily deducible from the 13 C-NMR spectra. These considerations make up for the kauranes, not to be confounded with the compounds of skeletons 134, 141, 171, 201 and 212. With this reasoning the percentage of recognition becomes 84.70% (144 kaur-16-enes between 170 compounds with the same number of quaternary carbons and same number of methyl groups in the skeletons without the chemical functional groups).
Therefore, it was possible to obtain rules such as: "if the 13 C-NMR spectra of the compound under study shows chemical shifts and multiplicity in the intervals 161.6-142.2 (s, C16); 121.1-102.4 (t, C17); C13) ; 51.5-33.5 (s, C10) therefore there exist a 84.70% probability that the compound is a kaur-16-ene".
Following the process described for kaur-16-ene, it has been possible to obtain 103 rules for many groups of substances from various skeletons of diterpenes (Table 3) . These rules are used as a database for a consultation program which allows the user to verify in the skeleton the group to which the compound under study belongs.
To use the consultation program, the user must introduce the chemical shifts and multiplicities of an unknown. Then the program checks for quaternary carbons using the shift range (70.0-35.0 (s)). The program calculates the number of corresponding signals and verifies which are the diterpene skeletons present in the data base that has the same number of quaternary sp 3 carbons. At this level the program abandons the skeletons which don't match this number.
Following this the program verifies the spectral signals corresponding to methyl groups, by looking at the multiplicity (quartet) of this, and adds the chemical shifts of oxidised atoms (−CH 2 OH or −CH 2 OR, −CHO, −CO 2 H or CO 2 R, =CH 2 (t) and CHO). Again the program counts the number of carbon atoms that could be methyl groups in the skeleton without functional groups. In the last two steps, the user can alter the answer of the computer since sometimes the quaternary atoms don't reflect chemical shifts in the range of interval used by the program. The same can be applied to other functional groups.
This way, the number of skeletons to be searched can be reduced, since the search will be done in one of the 56 sets of skeletons that present the same number of sp 3 quaternary carbon atoms and the same number of methyl groups. After this the spectral signals of the compound under study (chemical shifts and multiplicity) are compared with the chemical shift intervals considered like heuristic rules and the percentage of recognition is presented.
Results and discussion
In order to test the efficiency of the program, we have used the 13 C-NMR spectral data of 100 diterpenes. For example, we have introduced in the program the 13 C-NMR chemical shifts and the signals multiplicity's for the compound in Fig. 4 . The program DITREGRA indicates, correctly, that the compound is a kaur-16-ene with a percentage of recognition of 84.70%.
When the group of compound is not present, the program offers skeleton possibilities by comparing the number of quaternary carbon atoms and the number of carbons that could be methylated into the skeleton but without the chemical functional groups. For example, the compound in Fig. 5 , when it is without the heterostoms, has 20 carbon atoms, 2 sp 3 quaternary atoms and 7 methyl groups. With these characteristics, the number of possible skeletons for the structure of the compound is reduced from 214 to 7 which corresponds to skeletons 30, 50, 54, 84, 90, 92 and 100. The program gives the correct group in 64% of cases analysed and includes the answer "non studied" when there exist no chemical shift intervals characteristic of the group. With these answers we have verified that 27 times the skeleton had not been studied, 16 times the correct groups appeared as the answer and unique proposal, 15 times as a first answer and 3 times as a second or third answer. In cases where more than one answer is given, this indicates that the 13 C-NMR signal of the compound under study can be present within more than one interval of chemicals characterising the group. 
Conclusion
SISTEMAT is until now the only system able to incorporate information on chemical classes, skeletons and botanical data able to operate with large restrictions for any program able to generate structures. In this work we have demonstrated that the group of compounds from the same skeleton can be characterised by its chemical shifts intervals.
DITREGRA presents difficulties in proposing the number of possible methyl groups in the skeleton because the intervals used in the data base, for the functional groups, are very broad. This is why the user must study the spectra to confirm or correct the number of methyl groups proposed by the program. Nevertheless, this error from the program is presently being minimised with the introduction of infra-red and 1 H-NMR data into SISTEMAT.
